A strategy using near-isogenic lines (NILs) and Affymetrix Soybean GeneChip microarrays was employed to identify genetic markers closely linked to the soybean aphid [Aphis glycines Matsumura (Hemiptera: Aphididae)] resistance gene Rag1 in soybean [Glycine max (L.) Merr.]. Genomic DNA from the aphid-resistant cultivar Dowling and the aphid-susceptible cultivar Dwight was labeled and hybridized to arrays, identifying more than 1500 putative single feature polymorphisms (SFPs) between these genotypes. To fi nd polymorphisms closely linked to the Rag1 aphid-resistance locus, genomic DNA samples from two NILs developed through backcrossing Rag1 from Dowling four times to Dwight were also hybridized. Comparison of hybridization signals between the NILs and the recurrent parent identifi ed more than 70 SFPs in each NIL between the NIL and the recurrent parent genotype. There were 22 SFPs shared by both NILs, representing molecular markers putatively linked to Rag1. Four selected SFPs were converted to SNP markers and confi rmed by conventional genetic mapping to be closely linked to Rag1. The technique that we describe can be used to identify polymorphisms in a genetic region of interest and generate molecular markers closely linked to an agronomically important trait using a suitable oligonucleotide microarray.
M ICROARRAY-BASED METHODS for the analysis of genetic diversity can genotype many markers in parallel, particularly when dedicated genotyping arrays are used (Hudson, 2008; Shiu and Borevitz, 2006) . Th e design of a dedicated genotyping array requires knowledge of many single nucleotide polymorphism (SNP) markers. Without advance knowledge of SNPs, array-based genotyping can be performed using a standard expression microarray, generally one based on short oligonucleotides, to resequence a genome at many loci. Expression microarrays have been used in this manner to both detect and genotype genetic diff erences in a wide variety of organisms. Analysis of diversity can be performed by monitoring diff erential expression of mRNA to detect gene regulatory polymorphisms, or by diff erential hybridization of variant genomic DNA or mRNA sequences to detect genetic polymorphisms (Borevitz et al., 2003; Chen et al., 2005; Gore et al., 2007; Rostoks et al., 2005; Tillib and Mirzabekov, 2001; Zhu and Salmeron, 2007) . Single feature polymorphisms (SFPs) represent single oligonucleotide probes that show signifi cantly diff erent hybridization intensities between two genotypes, and are thus useful for diff erential hybridization approaches. SFPs can be used as genetic markers without the need for further sequencing, or can be converted with a high effi ciency into SNP markers that can be used individually to follow loci in mapping populations (Rostoks et al., 2005; Zhu and Salmeron, 2007) . Genomic DNA hybridization to Aff ymetrix (Santa Clara, CA) arrays has been used for direct genetic mapping using the bulk segregant approach (Borevitz et al., 2003; Hazen et al., 2005) and to normalize expression analysis in crossspecies comparisons as well as for SNP discovery.
While this technology has been extensively applied to genetic mapping in Arabidopsis thaliana, the large genomes of crop plants represent a challenge for this technique, in part because of reduced hybridization signal per unit mass of genomic DNA. One approach to improve SFP detection for species with large genomes (and a high proportion of repetitive sequences) is to enrich for coding DNA by fi ltration or amplifi cation methods (Gore et al., 2007) . Aff ymetrix arrays have been successfully used as a tool for SNP discovery in barley (Rostoks et al., 2005) ; however, in that study genomic DNA hybridization was not found to be as effi cient as mRNA hybridization for polymorphism detection. Although mRNA hybridization provides eff ective complexity reduction, it limits polymorphism detection to those mRNA sequences that are expressed at relatively high and similar levels in the targeted tissue, while hybridization of genomic DNA allows detection of SFPs throughout the genome from a single leaf tissue sample. Th e soybean haploid genome size has been estimated at 1115 million base pairs (Mb), making it much larger than Arabidopsis and somewhat smaller than barley or maize (Arumaganthan and Earle, 1991) . Th e soybean genome consists of at least 40% highly repetitive DNA (Swaminathan et al., 2007) , and in addition is paleopolyploid resulting in multiple copies of most genes (Schlueter et al., 2007) . While numerous simple sequence repeat (SSR) markers exist in soybean for routine mapping and marker-assisted selection, additional markers are needed for fi ne mapping and positional cloning research. Th is need can be met with SNP markers, which are the most abundant polymorphism in soybean. Th e SNP density in the coding regions of the soybean genome is on the order of approximately two per kilobase pair (Kb) across a number of genotypes Zhu et al., 2003) . Methods are currently needed to saturate genetic regions with markers that are polymorphic between specifi c parents used in fi ne-mapping experiments.
Soybean aphid is an invasive insect pest that was fi rst discovered in North America in 2000 (Hartman et al., 2001) . Since this discovery, these aphids have become a signifi cant pest in the soybean production regions in the northern U.S. and southern Canada. It is estimated that 15 million acres of soybean were sprayed with insecticide in 2005 to control soybean aphids (Ragsdale et al., 2006) . Th e most effi cient method to control soybean aphids would be through genetic resistance. Rag1, a major aphid-resistance gene, was identifi ed from the source cultivar Dowling and mapped to a 10-cM interval between the SSR markers Satt435 and Satt463 on soybean linkage group M (Hill et al., 2004; Hill et al., 2006; Li et al., 2007) . Because of its late maturity, Dowling is not adapted to the midwestern U.S. where most of the U.S. soybean crop is grown and soybean aphids are a signifi cant pest. Rag1 has been recently introgressed into midwestern-adapted backgrounds through traditional backcrossing combined with marker-assisted selection (MAS).
To fi ne-map and eventually clone the Rag1 gene, more genetic markers in the Rag1-containing map interval were required. Th e identifi cation of markers in this map interval was not straightforward, given the state of soybean genomic resources in the genotypes of interest when this project was initiated. Th e genotypes Dowling and Dwight are not commonly used cultivars for genetics or polymorphism detection and neither of these genotypes has been used in expressed sequence tag (EST) or other sequencing projects that provide data to mine for SNPs in other soybean genotypes. In this study, array hybridization of genomic DNA was used to identify SFPs between these two parent lines, as well as between Dwight and NILs developed by backcrossing the Rag1 gene from Dowling into the Dwight background. SFPs identifi ed between the NILs and Dwight should have a high probability of being linked to the aphid-resistance gene. Th ese SFPs were converted to inexpensive and breeder-friendly molecular genetic markers that can be used in fi ne-mapping and marker-assisted selection for the aphid-resistance gene. Th is provides an alternative and less resource-intensive method than high-throughput comparative sequencing of the two genotypes to identify genetic markers closely linked to a specifi c genetic region from a given accession.
Materials and Methods
Germplasm Th e two NILs (NIL1 and NIL2) used in the array hybridization experiments were developed through backcrossing four times (BC 4 ) Rag1 from Dowling into the background of Dwight. Th e full pedigree of the NILs is Dwight(5) × ('Loda' × Dowling). During each generation of backcrossing, F 1 plants that were heterozygous for Rag1 were selected using the markers Satt540, Satt435, and Satt463, which were previously shown to span the region containing Rag1 (Li et al., 2007) . Two BC 4 F 2 plants from this backcross were selected that were both heterozygous for Satt435, the marker linked closest to Rag1, and also contained recombination events near the gene. Th ese plants were selfed to form BC 4 F 2:3 lines that were tested for aphid resistance to confi rm that the resistance was segregating within these lines. Individual BC 4 F 3 plants within these lines were also tested with Satt435. Plants that were homozygous for the Dowling allele at Satt435, and therefore homozygous resistant for Rag1, were selected and used in the array hybridizations. NIL1 (LDXG05212-1-273) and NIL2 (LDXG0-5212-2-146) trace to diff erent BC 4 F 1 plants, but the same BC 3 F 1 plant. For mapping SNP markers identifi ed in the hybridization analysis, a population of 115 BC 4 F 2:3 lines was used, which is the same population from which NIL2 was selected.
Plant Growth Conditions, Aphid Resistance Testing
An aphid resistance test was conducted in an air-conditioned, insecticide-free greenhouse. Twenty plants of each line were grown in 60 × 60 × 60 mm plastic multi-pot inserts (Hummert Intl., Earth City, MO), contained inside plastic trays without holes (Hummert Intl., #F1020). To avoid disrupting the aphids, plants were bottom watered by fl ooding the trays containing the plants as needed (Hill et al., 2004) . Th e plants from each line were evaluated for aphid resistance in a separate completely randomized design (CRD) test. Each CRD test included the parents Dowling and Dwight and twenty BC 4 F 3 plants from a line. Leaves of 'Williams 82', infested with the soybean aphids, were placed on top of V E -stage seedlings (Fehr et al., 1971) . Inoculated plants were evaluated at ten and fi ft een days aft er infestation to estimate aphid colonization and plant damage. Each plant was rated with an aphid index that ranges from 0 to 4 with 0 = no aphid present, 1 = a few solitary and transient aphids present, 2 = small scattered colonies, 3 = dense colonies, and 4 = dense colonies with plant damage. Plants with a rating of 0, 1, or 2 were considered resistant and those with a rating of 3 or 4 were considered susceptible (Kim et al., 2008) . Leaf tissue from each plant of the lines was collected for DNA extraction.
Nuclear DNA Isolation, Labeling, and Hybridization
In order to extract nuclear DNA for array labeling, a protocol specifi c to this technique was developed. Th e overall procedure and buff er recipes are based on a protocol distributed by the Clemson University Genomics Institute (http://www.genome.clemson.edu/protocols/ nuc_isolation.shtml; verifi ed 25 Aug. 2008). Eight g of young leaf tissue collected from multiple sibling individuals were frozen in liquid nitrogen, ground to a coarse powder, and added to 40 mL ice-cold nuclear isolation buff er (1X NIB = 10 mM Tris-Cl, 10 mM EDTA, 10 mM KCl, 500 mM sucrose, 4mM spermidine, 1mM spermine, 0.1% 2-mercaptoethanol). Th e tissue suspension was thawed on ice with frequent mixing. Nuclear extract was fi ltered through two layers of Miracloth (Calbiochem, Gibbstown, NJ) and cheesecloth, and kept on ice with swirling for an additional 15 min with the addition of 2 mL 1× NIB containing 10% Triton. Extract was centrifuged for 15 min at 4 C at 1800 × g, and the pellet was gently resuspended in 5 mL fresh ice-cold NIB. Th is suspension was centrifuged for 2 min at 50 × g, and the supernatant containing nuclei was removed to a fresh tube. Th e nuclei were collected aft er a 15 min centrifugation at 1800 × g, washed once with 10 mL fresh NIB, and resuspended in 10 mL 10 mM Tris, 1 mM EDTA, pH 7.5, 0.1% SDS, and 5 mg/mL proteinase K, and incubated for 48 h at 37°C with gentle agitation. 1 mL 3 M NaOAc was added and DNA was extracted twice with an equal volume 25:24:1 phenol:choloroform:isoamyl alcohol and twice with 24:1 chloroform:isoamyl alcohol, and precipitated with ethanol. Th e pellet was washed with 70% EtOH, and resuspended in 100 μL Tris-EDTA pH 7.5. DNA was diluted to 50 ng/μL and sheared by sonication to fragments of 0.5 to 1Kb for labeling, and DNA size was confi rmed by agarose gel electrophoresis. For biotin labeling, 50 μL sheared DNA (2.5 μg) was mixed with 20 μL 2.5X random primers (Invitrogen BioPrime DNA Labeling System, #18094-011, Invitrogen, Carlsbad, CA), 15 μL 10X dNTP mix, and 120 units of Klenow fragment in a fi nal volume of 135 μL (the remainder of the protocol was as per manufacturers instructions). Labeled DNA was ethanol precipitated and resuspended in water for hybridization, and labeling was confi rmed by agarose gel electrophoresis of a 5-μL aliquot.
Hybridizations were performed at the University of Illinois W.M. Keck Center for Functional Genomics on the GeneChip Fluidics Station 450 and Scanner 3000 7G (Aff ymetrix, Santa Clara, CA), with the following modifi cations from Borevitz et al. (2003) . For the chip format, 95 μL of labeled DNA was combined with 5 μL Control Oligonucleotide B2, 15 μL of 20X Eukaryotic Hybridization Controls, 3 μL of Herring Sperm DNA (10 mg/ml), 3 μL 50 mg/mL BSA, 150 μL 2X Hybridization Buff er, and 29 μL water in a fi nal volume of 300 μL.
Data Analysis
Microarray data was analyzed using packages from the Bioconductor project [siggenes (1.8.0), aff yPLM (v. 1.10.0)] and R (version 2.4.0) (Bolstad et al., 2003; Gentleman et al., 2004; Schwender et al., 2003) . Probe-level comparisons of the soybean PM probes from the soybean genome array were performed. Pre-analysis consisting of background correction and quantile normalization was performed using the RMA package . Th e siggenes package (Tusher et al., 2001; Schwender et al., 2003) was then used to identify statistically signifi cant diff erential hybridization of individual probe tiles. Scripts and raw data fi les showing details of all stages of the method are available for download at http://stan.cropsci. uiuc.edu/publications/index.php (verifi ed 25 Aug. 2008).
Confi rmation of SNP Polymorphisms and Mapping
Regions surrounding the Aff ymetrix probe sequences were amplifi ed by polymerase chain reaction (PCR) from nuclear genomic DNA preparations generated as described above, gel purifi ed, and sequenced directly using dye terminator technology. Primer pairs designed to Aff ymetrix exemplar sequences and corresponding Genbank entries sequences are listed in Supplemental  Table 5 . Sequencing was performed at the University of Illinois Keck Center Core Facility.
Mapping Markers
Genomic DNA was extracted from the 115 BC 4 F 2:3 lines in the mapping population using bulked leaf tissue from 10 to 12 plants of each line by the CTAB method described by Keim et al. (1988) with modifi cations. DNA concentration was quantifi ed by ND-1000 Spectrophotometer (Nano-Drop Technologies, Wilmington, DE) and diluted into 25 ng/μl for SSR genotyping and 15 ng/μl for SNP genotyping. Genomic DNA from individual plants in the aphidresistance test was extracted using the quick extraction method described by Bell-Johnson et al. (1998) .
To construct a scaff old soybean genetic map and to identify a direction of the map, three SSR markers, Satt463, Satt435, and Satt540 that were linked to Rag1 were used as milestones. PCR was performed according to Cregan and Quigley, (1997) . PCR reactions generally consisted of 36 cycles of denaturation at 94°C for 25 s, annealing at 46°C for 25 s, and extension at 68°C for 25 s with a PTC100 Programmable Th ermal Controller (MJ Research Inc., Watertown, MA). Th e PCR products were analyzed by electrophoresis in 3% agarose gels and 3% metaphor-agarose gels.
For TaqMan assays, 40X assay mix consisting of unlabeled PCR primers and TaqMan MGB probes were used. TaqMan MGB probe was labeled with a fl uorescent reporter molecule (FAM or VIC) at the 5′ end and a quencher (e.g., TAMRA) at the 3′ end. PCR primers and TaqMan MGB probes were designed by Applied Biosystems (Foster City, CA) using the design-on-demand SNP genotyping service. Amplifi cation and analysis were done in the LightCycler 480 System (Roche Diagnostics, Indianapolis, IN). Each PCR amplifi cation was performed in a volume of 5 μL containing 0.125 μL of 40X assay mix, 7 ng of genomic DNA, 1.875 μL of distilled water, and 2.5 μL of TaqMan Universal PCR Master Mix. PCR conditions were an initial denaturation at 50°C for 2 min, 95°C for 10 min, then 40 cycles of 92°C for 30s and 60°C for 90s.
Melting curve analysis (MCA) was done in the LightCycler 480 System. Each primer and simple probe set was designed by use of the LightCycler Probe Design Soft ware 2.0 (Roche Diagnostics, Germany). Every PCR amplifi cation was generally performed in a volume of 7ul containing 1.08 μL of Roche Genotype Master mix, 15 ng of genomic DNA, 2.4 μL of distilled water, 9 μM of reverse primer, 4.5 μM of forward primer, 0.54 μM of probe, and 15.75 mM of MgCl 2 . General PCR conditions were initial denaturation at 95°C for 10 min, then 45 cycles of 95°C for 10s, 55°C for 15s, and 72°C for 20s. Th e program for the MCA was 95°C for 1 min, 40°C for 1 min, followed by a temperature increase of 2°C s -1 to 80°C. Melting temperatures acquisitions were done at least 5 times per degree.
Results

SFP and SNP Discovery between Two Inbred Soybean Genotypes
Genomic DNA was purifi ed from nuclei isolated from the soybean genotypes Dowling (aphid-resistant) and Dwight (aphid-susceptible) to determine whether arraybased polymorphism detection could eff ectively discover SNPs between these genotypes. Complexity reduction was achieved without the use of fi ltration techniques at two points in the procedure (i) by the use of nuclear DNA to exclude organellar and contaminant DNA, and (ii) within the biotin labeling procedure by using a smaller quantity of random hexamer primers than recommended, thus limiting the primers available to label highly abundant sequences. Th e sheared, biotin-labeled nuclear DNA from three independent extractions of both Dowling and Dwight were then hybridized onto Aff ymetrix Soybean GeneChip (Aff ymetrix, Santa Clara, CA) arrays for a total of three replicate arrays for each genotype. Probe-level analysis (as described in Methods section) was performed on 411,136 soybean ESTderived short-oligonucleotide probes to identify SFPs. Of these 411,136 soybean probe pairs, 356,042 probes were observed where the mean perfect match (PM)/mean mismatch (MM) was > 1 for the three replicate Dwight hybridizations, and 355,751 probes where PM/MM > 1 for the three replicate Dowling hybridizations. Th us, in both Dowling and Dwight, the hybridization intensity from the PM probe was greater than the MM probe for 87% of probes, demonstrating the high signal/noise ratio and sequence-specifi city of the hybridization conditions. Th e siggenes procedure from the statistical analysis of microarrays (SAM) package (Tusher et al., 2001) was then used to determine which of the PM probes showed signifi cant hybridization diff erences between the genotypes Dowling and Dwight. Th e results of the siggenes analysis (Table 1) shows that 1616 probes are called signifi cantly diff erent at a false discovery rate (FDR) of 10%, a rate which we judged to be suffi ciently low for marker discovery purposes. Hybridization data for these probes is shown in Fig. 1a and listed in Supplemental Table 1 .
Eighteen probes that showed statistically signifi cant hybridization diff erences between the two genotypes were selected for validation by PCR amplifi cation and sequencing of the underlying genomic locus. Nine probes where robust PCR amplifi cation was readily obtained (Tusher et al. 2001) . False = number of SFPs in the mean permuted dataset after 20 permutations, FDR = false discovery rate calculated by the siggenes package. The posterior probability of the SFP in the null dataset (p0) was 0.982. spanned the variation in fold-diff erence of hybridization intensities and the D-statistic from the siggenes package ( Fig. 1) . Probes for which multiple probes from the same probeset (i.e., multiple oligonucleotides within the same gene) were signifi cantly diff erent between Dowling and Dwight were avoided, in case these represented whole gene duplications or large deletions.
For fi ve of these nine probes we found SNPs within the probe exemplar sequence. In two of the probes we found insertion/deletion (indel) polymorphisms within the probe sequence. In another probe, we found a 2-bp indel two bases outside of the probe exemplar sequence. Th is is likely a true positive result, the signifi cant diff erence in hybridization intensity may be caused by secondary structure or labeling polymorphisms (Rostoks et al., 2005) . Only one of the probes we sequenced showed no sequence polymorphism between the parents. Our experimentally determined rate of conversion of statistically signifi cant SFPs between the two parent genotypes into SNPs or small indels within the probe exemplar sequence (thus excluding the polymorphism found just outside the probe sequence) is therefore 77% ( Table 2) . Th is compares favorably with other methods for identifying SNPs in soybean and with experimentally determined FDRs from Arabidopsis genomic hybridization (Borevitz et al., 2007) . An additional probe that fell outside the statistical signifi cance cutoff , but had a large change in hybridization intensity, was also sequenced and found to contain a 2-bp sequence polymorphism. Th is result demonstrates the limited statistical power of our experiment, and suggests that increased replication at the array level may further increase the number of SFPs identifi ed. However, a suffi cient number of markers were identifi ed using three replicate arrays to demonstrate the feasibility of this approach. For eleven other SFPs, we were unable to obtain unique amplifi cation of the exemplar sequence despite repeated attempts and these were not pursued. Th e probes and polymorphic sequences from Dwight and Dowling are listed in Supplemental Table 2 .
SNP Discovery in Near-Isogenic Lines
Two near-isogenic lines (NILs) developed from four backcrosses (BC 4 ) using Dowling as a donor parent and (Tusher et al., 2001) . All panels highlight 1616 probes called SFPs at false discovery rate (FDR) of 0.0992 between Dowling and Dwight (from Supplemental Table 1 ). (a) 1616 Dowling-Dwight SFPs and the 8 validated SNPs are plotted from the genome-wide comparison (in Supplemental Table 2 ). (b) Distribution of hybridization ratios for the 1616 Dowling-Dwight SFP probes in the comparison of NIL1 vs. Dwight, and 78 SFP probes called signifi cantly different between NIL1 and Dwight at FDR of 0.1592 are plotted (from Supplemental Table 3 ). (c) Distribution of hybridization ratios for the 1616 Dowling-Dwight SFP probes in the comparison of NIL2 vs. Dwight and 152 probes signifi cant at FDR = 0.1189 are plotted (from Supplemental Table 3 ). For the NIL-Dwight comparisons, validated SNPs within the region shared by the NILs ( Supplemental Table 4 ) are also plotted.
Dwight as a recurrent parent were selected for the array hybridizations. Th ese NILs were selected because they had recombination events fl anking Rag1. Each NIL was derived from a diff erent BC 4 F 2 plant that was heterozygous for Satt435, the SSR marker identifi ed as the closest to Rag1 (Li et al., 2007) . BC 4 F 3 plants from these NILs were tested for aphid resistance and both NILs were confi rmed to be segregating for the aphid-resistance phenotype and therefore Rag1. Th e segregation of susceptibility to aphids perfectly matched the segregation of the homozygous Dwight allele at Satt435. Homozygous Dowling and heterozygous plants at Satt435 showed resistance. NIL1 had a recombination below Rag1 between Satt435 and Satt463, and NIL2 had a recombination above Rag1 between Satt435 and Satt540. In the regions above and below the recombination points, the chromosomes were homozygous for marker alleles from Dwight. Several known SNP markers (P. Cregan, personal communication, 2006) were used to further defi ne the overlapping region in the two NILs using derived Cleaved Amplifi ed Polymorphic Sequence (dCAPS) (Neff et al., 1998 ) markers (Fig. 2) . Th is showed that there was a small interval (between 2.1 and 5.2 cM) of DNA of Dowling origin overlapping in both NILs, and thus known to contain the Rag1 locus (Fig. 2) . Individual, resistant BC 4 F 3 plants from each NIL that were homozygous for the Dowling allele at Satt435 were selected for hybridization on the arrays. Nuclear DNA from these plants was pooled into three independent biological replicates from each NIL and hybridized to three replicate arrays for each NIL shown in Fig. 2 . RMA-method background correction and quantile normalization for the NIL arrays was re-calculated together with the previously performed Dowling and Dwight arrays to ensure consistent normalization across the experiment. Th e siggenes procedure (Tusher et al., 2001) was then used to identify probes with signifi cantly diff erent hybridization between the arrays for every NIL and the Dwight recurrent parent arrays. Th e FDR cutoff was set at 16% (a compromise which allowed the maximum number of likely SFPs to be detected) (Tables 2 and  3 , Fig. 1b and 1c) . Several alternative algorithms for background correction and array normalization were used to identify potential SFPs/SNPs. Most of the methods called the same probes as the most signifi cant SFPs, however the RMA/quantile method was selected as optimal because it called most of the true sequence-validated SNPs and fewer of the false polymorphisms.
Th e comparison of NIL1 with Dwight resulted in the identifi cation of SFPs at 78 probes, and the comparison of NIL2 with Dwight identifi ed SFPs at 152 probes (Fig.  3 , Supplemental Table 2 ). Th e numbers of SFPs in the two NILs is consistent with the size of the introgressed regions (Fig. 3) . Between the two NIL-Dwight comparisons, there was an overlap of putative SFPs at 22 probes (Fig. 3, Supplemental Table 3 ). Fift een of these SFPs were signifi cantly diff erent in the original comparison of Dowling and Dwight. In some cases, multiple probes for the same gene show SFPs-this could be a sign of a highly polymorphic gene, of gene duplication and divergence, or of a large insertion or deletion polymorphism spanning multiple probes.
In an attempt to convert each SFP to a molecular marker, genomic DNA fl anking the 25-nucleotide probe sequence was amplifi ed from both the Dowling and Dwight genotypes and PCR amplicons were sequenced directly. For 15 probes corresponding to 12 diff erent probesets (genes) with signifi cantly diff erent hybridization between Dowling and Dwight and each of the NILs and Dwight, 12 probes were sequenced, and of these, 0.05 1 0.041 † SFPs called for the given threshold by the signifi cance analysis of microarrays (siggenes) package (Tusher et al. 2001) . False = number of SFPs in the mean permuted dataset after 20 permutations, FDR = false discovery rate calculated by the siggenes package. The posterior probability of the SFP in the null dataset (p0) was 0.82. Supplemental Table 5. three probes for Gma.7623.1.A1_at had clear SNPs or indels within the probe sequence and four probes had no detectable changes within the probe (see Supplemental  Table 3 ). For fi ve of these probes there were double peaks or multiple probe sequences in the Dwight genotype, making it impossible to determine if a SNP existed in the probe sequence; however, mapping was attempted for several of these loci (GmaAff x.46169.1.S1_at9 and 11, Gma.16904.2.A1_at4, Gma.5689.1.S1_a_at8, and GmaAff x.65906.1.A1_at10). We were unable to amplify the exemplar sequence from both genotypes, despite repeated attempts for the three remaining probes. It was expected that some probes would be diffi cult or impossible to amplify from both genotypes, as hybridization diff erences could be caused by gene deletions or highly divergent sequences. In summary, for the comparison of the NILs with Dwight, 25% of probes with SFPs specifi c to the overlap region between the NILs were identifi ed as readily amplifi ed sequences from both genotypes with uniquely identifi able SNP polymorphisms. We thus identifi ed three robust SNP markers (all three in the probes for the gene matching probeset Gma.7623.1.A1_at) that were predicted to lie in the region of overlap between the two NILs, which has been defi ned as between 2.1 and 5.2 cM in genetic distance (Fig. 2) .
Given that we found a true SNP polymorphism outside our statistically signifi cant cutoff in the previous experiment, we attempted to amplify 22 additional probes that were called statistically signifi cant using alternative normalization procedures, such as the Rank Product test (Breitling et al., 2004) in place of the siggenes package. We also attempted to amplify those probes that fell just below the signifi cance cutoff yet showed a large fold change. In these additional probes, we found two additional SNPs, eight probes with no SNP, and failed to amplify sequences for 12 probes. Th e SNPs were located in two more separate genes, represented by probes GmaAff x.86377.1.S1_at and Gma.9225.1.S1_at.
Development of SNP Markers and Linkage to Rag1
We developed PCR-based TaqMan or melting curve assays for the readily amplifi ed, identifi ed polymorphic SNPs for use in mapping. We developed a marker for the SNP in probe GmaAff x.86377.1.S1_at7 (the marker is referred to henceforth as SNP86377), and one marker for one of the three probes identifi ed in probeset Gma.7623.1.A1_at (henceforth referred to as SNP7623), but were unable to achieve suffi ciently robust amplifi cation for markers corresponding to potential polymorphisms in probes GmaAff x.65906.1.A1_at10, Gma.5689.1.S1_a_at8, Gma.9225.1.S1_at8, and GmaAff x.46169.1.S1_at9 or 11. Since several polymorphic probes detected on the array contained additional polymorphisms around the probe, we were able to design markers for other Dowling-Dwight SNPs located outside the probe sequence in two of these cases, which we refer to as SNP65906.2 and SNP46169.7. Th e polymorphism for SNP46169.7 lies within probe GmaAff x.46169.1.S1_at7 (which was not called significant as a SFP), while the probes GmaAff x.46169.1.S1_at9 and GmaAff x.46169.1.S1_at11 from this probeset were detected as signifi cant SFPs, but both produced ambiguous sequence data. Th e SNP serendipitously discovered in probe 7 fell below the SFP signifi cance cutoff threshold, and is thus an example of a false negative SFP (see Supplemental Table 4 ).
To determine if the four SNP markers were linked to the aphid-resistance gene, we tested the cosegregation of Satt435 and the new markers in a segregating population of 115 BC 4 F 2:3 lines. All of the SNPs that were identifi ed by comparing hybridization of NILs to Dwight were linked to the aphid-resistance gene. Th e SNP7623 marker cosegregated with Satt435 in all individuals. SNP65906.2 and SNP46169.7 were genetically mapped between Satt435 and Satt463, approximately 1 cM away from Satt435. SNP86377 was mapped 1 cM from Satt435, between Satt540 and Satt435. A linkage map of these markers is shown in Fig. 4 . Data recently available from the preliminary soybean genome assembly indicates that these SNP markers span a 0.54Mb contiguous sequenced region (Soybean Genome Project, 2008) .
Discussion
Using the currently available Aff ymetrix soybean geneexpression array, we were able to successfully detect a large number of SFPs between two poorly characterized soybean cultivars. In a similar study which detected SNPs between barley cultivars (Rostoks et al., 2005) , the empirically determined rate of detection of true SNPs by array hybridization was 60%, while we were able to detect real SNPs at a frequency > 70% between the Dowling and Dwight genomic DNA. While we validated fewer polymorphisms than the previous study, we believe our results indicate that our method is eff ective as a means to quickly identify large numbers of polymorphisms in soybean. Th e conversion of SFP markers to routinely useful, (Tusher et al. 2001) . False = number of SFPs in the mean permuted dataset after 20 permutations, FDR = false discovery rate calculated by the siggenes package. The posterior probability of the SFP in the null dataset (p0) was 0.903.
PCR-based SNP markers was found to be labor intensive, as a result of diffi culty in obtaining unique and robust PCR amplifi cation in a highly duplicated genome [a diffi culty noted by other soybean genomic researchers ]. It is possible that informatic approaches will improve primer design strategies in future by utilizing the whole-genome sequence to aid unique primer design. Nonetheless, the ability to focus on SFPs that correlate with a particular locus by using NIL hybridization makes array-hybridization mapping a potentially powerful method since such complications are avoided if the SFPs are used as markers directly.
We were able to detect polymorphisms between the target parent genotypes in two NILs where a single Dowling locus was the target of introgression into Dwight. We demonstrated that the true SNPs discovered using this method could be converted into conventional genetic markers representing closely linked polymorphisms to the Rag1 locus, and thus useful molecular markers for Rag1 MAS. Since MAS was used to generate the NILs used for the approach described here for Rag1, the genetic map and existing SSR marker resources in soybean were necessary for this approach, and four generations of backcrossing were also required. Th e use of bulk segregant populations is common in genetic mapping, and was used for the initial mapping of Rag1 (Li et al., 2007) . Bulk segregant array mapping (Borevitz et al., 2003) , is a method that has been used to rapidly identify the location of genes and closely mapped SFPs.
Bulk segregant array mapping has been shown to give a resolution of 12 cM, with a clearly defi ned phenotype in a small and well characterized genome, and the position of all probes physically mapped (Borevitz et al., 2003) . Since the Rag1 gene was already mapped to within 10 cM, and the NILs used had already been generated, we chose the NIL method as likely to be more precise in genetic distance. NILs have already been created by breeders and geneticists in many crops, so in these cases the method described here is both more precise and less time-consuming than the bulk segregant approach.
Although the NILs used for this study were created using MAS, it is possible to create NILs (or a bulk segregant population) without the availability of a genetic map and marker resources. Th us, either NIL-based or bulk segregant array mapping could be used for crop species where molecular marker generation is diffi cult because of large genomes and polyploidy (such as sugarcane or wheat), or where no genetic map or existing marker resources exist, as long as a suitable microarray is available. Indeed, even an array for the species under investigation is not always required if one can be utilized from a related species; for example, genomic DNA hybridization is readily performed with Brassica species using the Arabidopsis array . If no related-species array is available, sequence data suffi cient for the creation of an array can now be rapidly and cheaply obtained for any species using next-generation sequencing methods (Toth et al., 2007; Hudson, 2008) . Th e cost of originating an array from such data is now aff ordable, and much less expensive than the cost of developing any type of marker system that runs a large number of defi ned genetic markers in parallel. Th us, such arrays may provide a viable alternative for the deployment of large numbers of genetic markers in resource-poor species.
Th e lower conversion rate of SFPs to SNPs in the NILs relative to the parents is likely a function of the much lower number of polymorphisms between each NIL and the recurrent parent combined with a similar number of false-positive SFPs, leading to a lower signal/ noise ratio in the NIL comparison than in the comparison of parent genotypes. While this lower conversion rate is a disadvantage, it is not a signifi cant problem for the procedure as a method to rapidly identify a small number of closely linked markers to a trait of interest. Sequencing multiple products with a high probability of a closely linked SNP within a known 25bp region in order to identify markers is relatively straightforward. Other methods (for example, sequencing of random bacterial artifi cial chromosome (BAC) ends or EST clones followed by genetic mapping) to develop new, closely linked molecular markers in poorly characterized genomes are considerably more labor intensive. Despite unavoidable false positive SFPs, and other challenges in converting SFPs to SNPs, using microarray hybridization of parent and NIL genomic DNA to detect sequence polymorphisms in a region of interest is a fairly effi cient and cost-eff ective way to obtain genetic markers. Th e soybean genome is rapidly becoming better characterized and this will likely lead to both more rapid and straightforward interpretation of array hybridization results, and also ultimately to detailed SNP maps and dedicated SNP arrays that may make this technique for SNP discovery no longer necessary. As the SNP resources for soybean increase, it may soon be feasible to deploy high-throughput screening of many known SNPs as an alternative to array scans for SFPs.
Eff ective genetic mapping requires the capability to detect and discover many polymorphisms in parallel, and to subsequently assay a large number of recombinant individuals with the nearest markers. Hybridization based approaches are likely to become the method of choice for the fi rst application, since the development of microarrays leads to arrays with more features and lower cost with time. Th e genotyping of very large numbers of markers in parallel is also necessary for linkage disequilibrium (LD) mapping in the majority of species (Mackay and Powell, 2007) . Th e emergence of LD mapping provides another compelling reason for the development of massively parallel, array-based genotyping technologies (of which there are currently several alternatives, the arrays described here being one). It is noteworthy that in using the array-based platform, we were able to identify markers that were in the correct genetic location and functional as microarray-based SFPs, but could not be converted into PCR-based SNP markers. We detected at high signifi cance several SFPs for which we were unable to design PCR-based markers, likely because similar sequences interfered with unique amplifi cation. Th ese SFPs were subsequently found to be closely linked to the aphid-resistance gene by development of markers based on other SNPs within a very short physical distance, on the basis of analysis of the emerging soybean genome sequence. Th e array-hybridization approach may therefore be more robust in the presence of highly duplicated sequences, since it is able to distinguish base change polymorphisms in spite of the presence of closely related copies of these genes. Th us, for a duplicated genome like soybean, a hybridization-based polymorphism detection platform (such as the arrays described here, or several other alternatives) has signifi cant advantages over a PCR-based platform. Th e direct use of SFPs as markers, without the need to convert to PCR-based SNP markers, would greatly streamline the process of marker development used here.
At the present time, the soybean GeneChip, which is designed to measure expression, is cost prohibitive for routine genetic mapping and does not provide a suffi cient density of loci for complete and accurate detection of loci in LD. However, an application-specifi c array designed with probes to genotype one or more known SNPs in every known soybean gene would be a powerful tool for genetic or LD mapping. Th e completion of the soybean genome sequence and next-generation sequencing technologies capable of discovering hundreds of thousands of SNPs (Hudson, 2008; Hudson et al., 2007; Swaminathan et al., 2007) may make such an array feasible for soybean in the near future.
